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Abstract

Potential problems related to a tailings dam’s stability are a matter of concern, especially where structural failure might
endanger nearby communities and the environment. The Osamu Utsumi mine, located in the State of Minas Gerais, is cur-
rently not operating. The rock-soil tailings dam has water upwelling downstream in the bedrock, with water flux confined
to rock fractures. This research was conducted to identify possible flux zones in the base of the dam using DC resistivity
and electrical resistivity tomography (ERT). The data acquisition consisted of five ERT lines with 6 m of spacing between
electrodes, using a Schlumberger array. The results are presented by 2D and 3D geophysical models comprising measured
and processed resistivity values. It was possible to identify a low resistivity zone (5-20 Qm), whose structural continuity
indicates water infiltration in the bedrock under the dam. Moreover, the results do not indicate that erosion is taking place
in the interior of the dam, reducing the risk of geotechnical instability and failure of physical integrity.
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Introduction

A tailings dam is a barrier, whose function is the accumu-
lation of residual products from mining and ore process-
ing. The design methods for tailings dams differ from water
retention dams by their construction in different stages, but
the stability of both are very important. This is especially
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true for dams built for the storage of mining waste, since
failures threaten the safety of people, industrial property,
and the environment (Mainali 2006). An infamous example
is the tailings dam rupture that occurred in 1985 near Tesero
(Trento), in northern Italy. The tailings dam in the Stava
valley (Italy) failed due to internal erosion problems, killing
268 people (Chandler et al. 1995; Sammarco 2004).

More recently, there was two major tailings dam failures
(in 2015 and 2019), that affected the municipalities of Mari-
ana and Brumadinho in the state of Minas Gerais, in south-
east Brazil. These events spilled millions of cubic meters of
iron tailings and destroyed areas of native vegetation, con-
taminated water bodies, and killed more than 200 people
(IBAMA 2019). Given these events, the Federal Government
has increased supervision of mining companies to ensure
constant maintenance and monitoring of tailings dams,
to comply with Brazil’s environmental legislation, which
through Law No. 12.334 (2010), established the National
Dam Safety Policy, with the aim of maintaining structural
and operational integrity, preservation of life, health, prop-
erty and the environment (IBAMA 2017).

However, for many companies, the cost of monitoring dams
with conventional geotechnical techniques can be relatively
high. Lower-cost alternatives, such as geophysical methods,
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are being increasingly used to complement traditional geotech-
nical techniques. These alternatives are non-invasive, low-cost
tools that are widely used to investigate geological structures
(Camarero et al. 2019). In addition, they can be used to estab-
lish contrasts between surface material and the rocky substrate,
or artificial fill and natural land. Therefore, they can be used to
monitor, control, and understand the phenomena that influence
problems arising from the existence of these dams (Kearey
et al. 2002; Mussett and Khan 2000).

Many of the accidents that occur in dams are associated
with problems of water infiltration, such as seepage and
internal erosion of the soil. Internal erosion may be caused
by the construction of dams on permeable soils or disper-
sive clays, the use of inappropriate or defective materials,
excessive rainfall, the presence of animals that live or take
refuge in the soil, such as rodents that form galleries in
the edaphic environment. Water flow inside a dam favors
the development of underground ducts that can cause the
material layer to collapse and accelerate the erosion process
(Lewis 2014; Oliveira and Brito 1998). Depending on the
physical parameter to be measured, the methods to control
and monitor these can be direct, such as monitoring of wells
and piezometers, or indirect, such as geophysical (gravimet-
ric, seismic, magnetic, electrical, and radioactive methods),
which can be used to obtain information on hydrogeological
and structural aspects, lithological changes in the materials
and other relationships between the material and water (Al-
Fares 2014; Mussett and Khan 2000).

Case studies of dams inspected by geophysical methods
have been reported (Al-Fares 2014; Asfahani et al. 2010;
Assumpcdo et al. 2002; Bedrosian et al. 2012; Bievre et al.
2017; Camarero et al. 2019; Coulibaly et al. 2017; Lghoul
et al. 2012; Lin et al. 2013, 2018; Minsley et al. 2011; Oh
and Sun 2007; Osazuwa and Chinedu 2008; Sjodahl et al.
2005; Zarroca et al. 2014); and there are reports of case
studies to improve storage capacity of tailing dams (Ozcan
et al. 2013; Wei et al. 2016).

The INB company requested a geotechnical study to
ascertain the physical integrity of of a rock and earth dam
built for the accumulation of uranium mine tailings. The
geophysical survey of the dam was carried out using electric
resistivity tomography (ERT) to identify areas of water flow
and possible underground channels formed by infiltration
inside the dam and the rock massif. The objective was to
diagnose any risk of geotechnical instability or loss of the
dam’s physical integrity.

The Study Area

The study area is located in the State of Minas Gerais, south-
eastern Brazil, on the Pogos de Caldas plateau. This region
belongs to the municipality of Caldas, 30 km from the cities

of Pogos de Caldas, Andradas, and Aguas da Prata. The pla-
teau has a nearly circular area, measuring about 800 km?,
30 km in diameter, with an altitude of 500 m above the sur-
rounding regions (Fig. 1).

Approximately 30 km southwest of Caldas is the Indis-
trias Nucleares do Brasil (INB) company’s Osamu Utsumi
mine and its mining treatment unit (MTU). This MTU occu-
pies an area of nearly 18 km? and was built to contain tail-
ings from the currently inactive mining and processing of
uranium (World Nuclear Association 2020).

The deposit is a product of hydrothermal and supergene
processes, comprising a sequence of volcanic and subvol-
canic phonolites and nepheline syenite intrusions associated
with volcanic breccia pipes (Waber et al. 1992). The MTU
of Pocos de Caldas was deactivated in 1995 and decontami-
nation of its facilities began in 2005 (Franklin 2007). The
operation process was divided into three areas. The first was
the mineral extraction area (the Osamu Utsumi open pit ura-
nium mine), which is nearly circular and has a diameter of
1200 m, with a maximum depth of 200 m (Fig. 2—area A).
The second area was the physical and chemical beneficiation
area, where the ore was subjected to primary and secondary
crushing, grinding, and thickening to reduce the particle size
of the mineral to 800 um and obtain a neutral pulp suitable
for transport to the processing plant. Subsequently, the min-
eral pulp was subjected to a chemical process that involved
leaching, vacuum filtration, clarification, and in the final
stage, mixing and decanting processes to produce a uranium
concentrate in the form of ammonium diurate—DUA (yel-
low cake), from which the fuel element for nuclear reactors
is obtained (Fig. 2—area B). The last area was the tailings
dam, in which the low uranium mineral pulp was released
for particle decantation and the water was reused for the ore
processing (Fig. 2—area C) (Franklin 2007).

The Tailings Dam

The tailings containment system consists of an earth and
rock dam, which is situated at the Soberbo river valley, adja-
cent to the Antas river basin, separated by a topography,
which constitutes the natural watershed of the place.

The dam’s function was to create a reservoir to deposit
liquid waste from the industrial beneficiation process. Efflu-
ent waters, from rainfall and infiltration, are treated down-
stream of the dam before the water is returned to the natural
water course.

The dam’s slope has a curved axis with a radius of 380 m,
is NE-SW oriented, and is 435 m in length, with its concav-
ity downstream, and its top is 1310 m high. The body of the
structure consists of highly compacted rock fill, measuring
up to 42 m at its central axis, and containing 1.97 x 10® m?
of tailings. The dam has an upwardly inclined clay core,
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Fig. 1 Location of the INB—Pocos de Caldas (MG)

with two levels of construction visible downstream, and is
monitored by a series of piezometers (Fig. 3). The dam has
chimney sub-vertical sand filters between the clay core and
the upstream and downstream rocks. The transition filter
system is connected to a horizontal drainage mat to capture
the filtered water in the dam body and in the bedrock-sup-
ported foundations. The bedrock follows the topography of
the local relief, so it tends to be closer to the surface near
the abutments.

The spillway is a tulip-shaped structure, connected to
a concrete gallery, that rests on the right shoulder of the
dam, both in the sub-horizontal section (below the dam
massif) and in the sub-vertical section. It is supported by
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the slope and following the original topography. The water
flows freely through concrete pipes. All water downstream
is collected in storage pools and fed to a deflector system,
where the effluent is treated with barium chloride solution
(BaCl,) to reduce its radium (Ra) concentration.

On the surface, near the central axis downstream of the
dam, an area of upwelling can be seen. This flow occurs
in a fractured system oriented orthogonally to the dam’s
axis. The most important fracture in the outcrop has a
N40W/38SW orientation. This condition may indicate
water flow under the dam that crosses the dam/solid rock
contact. The local lithology is composed of phonolites—
potassic igneous rock.
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Fig.2 Mining treatment unit
(MTU): a Pogos de Caldas
Osamu Utsumi uranium open
pit; b physical-chemical
processing area; ¢ tailings dam
(study area)
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Materials and Methods

Geophysical methods can be used to develop a subsurface
geology model, locate fracture zones, investigate ground-
water systems and contamination plumes, and obtain infor-
mation about the physical and lithological parameters of
the soil (Knodel et al. 2007). Electrical resistivity (ER) is
a geoelectric method, which uses alternating or direct low
frequency current (0.1-30 Hz) to investigate the electrical
properties (resistivity) of the subsurface and thus detect
fractures and cavities, and delineate the soil’s hydrogeo-
logical characteristics (Mussett and Khan 2000; Thompson
et al. 2012; Sentenac et al. 2018; Albuquerque et al. 2019).

In this way, ER data were obtained for the INB tailings
dam by means of five lines of electrical resistivity tomog-
raphy (ERT). Lines 1, 2, and 3 were arranged on the crest
of the dam (left side, center, and right side) and lines 4 and
5 were made on the berms of the slope (Fig. 4a).

Note that the dam is 42 m high at its central point. Lines
1 and 3 were located close to the dam’s embankment,
where the original relief of the valley contacts the dam’s
abutment and the rock massif is variable, and less than
42 m in height. The gap between electrodes was 6 m, based
on the estimated dimensions of the body and the desired
depth of investigation; the lines were oriented in the SW
direction towards the NE. These lines intercept the massif
major geologic fracture, where it was possible to identify
water upwelling (Fig. 4b).

n 21°58'08"

ERT Lines +/

Lines 1 and 3 were 114 m in length, with 20 electrodes
each, while line 2 was 156 m in length with 27 electrodes.
Lines 4 and 5 each measured 240 m in length and had 41
electrodes, placed in parallel and 14 m apart from each
other, corresponding to the vertical length between berms,
which allowed complete coverage of the dam’s entire
length.

The dam has a curved axis; however, straight lines were
arranged for the field measurements to avoid alterations
in depth. As for the effects of the topography, there were
some variations in the length of the lines, specifically on
the abutments.

The equipment used was the ABEM Terrameter LS
resistivity meter, produced in Sweden (ABEM 2012). The
instrument allowed us to perform ER tests, and automati-
cally calculate contact resistance and standard deviation of
the measurement set through the Schlumberger array. This
technique is recommended for vertical electrical sounding
(VES) investigations which is considered the best technique
for rock structures when the objective is to observe resistiv-
ity variations with depth (Lowrie 2007).

The resistivity data was processed using RES2DINV
inversion software. This program automatically subdivides
the subsoil into several blocks and then uses a statistical
model based on the least squares method to determine the
appropriate resistivity value for each block. The software
determines the error criterion, then the inverted resistivity
model is modified to reduce the degree of error between the
measured and calculated apparent resistivity. This operation

a
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v

Fig.4 a Arrangement of geophysical lines in the study area; b water upwellings at the rock massif in the dam’s foundation
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is repeated iteratively until the error reaches an aceptable
value (Coulibaly et al. 2017; Moreira et al. 2017).

For geological structures, a three dimentional (3D) resis-
tivity study that uses a 3D interpretative model provides the
most accurate results. The 3D data set consists of several
parallel rows in two dimentional (2D). The models of each
2D line were exported individually in xyz format through
RES2DINV to provide 2D cross sections. Finally, the entire
data set was combined into a 3D data set and imported using
Oasis Montaj Geosoft software (version 6.4) to obtain 3D
visualization models. The visualization models of this work
were created by applying the minimum curvature algorithm
and the files were imported to the same software (Moreira
et al. 2017; Lin et al. 2013; Loke 2000).

The data acquisition software must be able to take into
account the electrode configuration, electrode spacing, and
other survey parameters. For 3D resistivity models, multi-
channel instruments are essential to reduce data acquisition
time to an acceptable level (Loke 2000).

Results and Discussion

In 2D electrical tomography inversion models and 3D block
models, resistivity values are expressed in Qm through a
chromatic, logarithmic scale to analyze the variation of
resistivity values. The lowest values, between 5 and 20 Qm
(cold colors), represent low resistivity or wet areas and high
values, between 300 and 600 Qm (warm colors), represent
the most resistive values or dry areas.

The models showed high resistivity patterns in the upper
sections (Fig. 5). Lines 1, 2, and 3 show a thicker upper
resistive horizon with values between 300 and 600 Qm. In
the deeper sections, the resistivity decreases considerably
with the lowest resistivity values (5 Qm) downstream and
laterally, as indicated in the highlighted areas. The blue
colored areas in lines 1, 2, and 3 represent the most sig-
nificant water flow zones; one can observe the continuity of
water flow laterally from an elevation of 1290 m, from line
1 to line 2 and from line 2 to line 3.

Line 4 has a superior area characterized by high resistiv-
ity, although it is thinner than lines 1, 2, and 3. From ~ 15 m
deep, it shows a low resistivity area and a zone between 45
and 60 m with less than 20 Qm of resistivity associated with
the presence of water; however, it does not show the signifi-
cant resistivities associated with large volumes of water flow.
Line 5 shows greater lateral variations of low resistivity,
with two 20 Qm areas between 9 and 30 m and 84 and 90 m.

However, all of the profiles had a region with resis-
tivities between 39 and 300 Qm, between the elevation of
1310 and 1280 m, which could be related to the construc-
tion materials of the dam, such as the compacted clay core
and the transition system (sand and gravel) connected to

the drain mat, which are less resistive materials. In all
of the profiles, the high resistivity values observed in the
upper coverage of the images are associated with the type
of rock or rockfill.

The resistivity decreases as the depth increases in the
2D electric tomography inversion models, with significant
deviations on the sides of the dam. Considering the geom-
etry of the dam and the relief of the valley, it is likely that
some of these are water pathways in the massif - mainly in
low resistivity zones on lines 4 and 5 and in some areas of
lines 1 and 3. The infiltration that occurs in line 2 is directly
associated with flow lines and the positioning of the dam
drainage system.

Lines 1, 2, and 3 were at the top of the dam, upgradient
of the filter system, while lines 4 and 5 were downgradient
of the filter system. In line 5, there are two infiltration zones.
The first is round and located at the 1270 m level; it is inter-
preted as a wet zone resulting from the drainage mat, since
it occurs at the contact between the dam’s embankment and
the massif. The second, on the upper left, is interpreted as
an infiltration area in the massif, due to its depth of occur-
rence and the dam’s geometry; this zone is also identifiable
on line 4.

The ERTs of the 2D lines were joined to produce the 3D
model. Initially, a 3D block model was generated with a
front, back, and base view of the dam (Fig. 6). With these 3D
interpolation models, it is possible to more clearly identify
the areas with water flow.

In the frontal view (Fig. 6a), it is possible to observe high
resistivity areas (300—600 Qm) in the upper sections that
belong to the rockfill, following the design of the structure.
The areas of low resistivity (between 15 and 35 Qm) on the
sides stand out; these indicates the prevalence of water-satu-
rated rock at the ends of the dam. The raised points represent
the lowest resistivities (5-9 Qm) or wet regions. On the left
side, there is a significant volume of water compared to the
right side. However, the rear view (Fig. 6b) clearly shows
two points of low resistivity in the middle portion associ-
ated with water flow from 1290 m in elevation. The views of
the front and rear base (Fig. 6¢ and d) suggest that this flow
occurs from NW to SE, as indicated by the arrows.

Note that the largest volume of water flows inside the
rock massif below the dam and on its left side, and a rocky
basement occurs at an elevation of 1290 m (30 m deep) on
the sides of the dam. These facts are extremely important
for the research, considering that the infiltration occurs on
the same side of the fractured massif that presents the water
upwellings (Fig. 4b).

In the same set of images, another significant resistivity
zone between 70 and 20 Qm was identified, on the right side
of the dam (Fig. 6a). Although it does not point to the pres-
ence and continuity of water flow in the upper sections, it is
possible to identify a less resistive zone on the dam’s surface
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Fig.6 Model of 3D blocks of electrical tomography: a front view; b back view; ¢ base view; and d rear base view

that decreases with depth. This may be due to the presence
of wet and clayey areas.

In the view of the front and rear base (Fig. 6¢c and d), a 9
Qm point is also observed, indicating the presence of water
on this side of the dam. However, according to the eleva-
tion, this water is inside the rock massif, below the dam.
This flow is probably related to the low resistivities located
in the upper sections due to the phenomenon of capillarity;
this aspect was analyzed through the multilevel map model
generated by the 3D interpolation model (Fig. 7), in which a
more detailed model of the dam was produced, where layers
of resistivity were selected every 10 m of depth, in order to
study the interior of the dam.

In the multilevel map model, the curved line indicates
the location of the horizontal drainage mat, which follows
the structure’s design; the vertical lines represent the lateral
limit of the dike and the predominance of the rock massif at
the ends of the model.

According to Fig. 7d, the dam has zones of low resistivity
that indicate the presence of water at four relevant points,

two of which are located inside the dam. However, the func-
tion of the drainage mat is to retain the flow of percolated
water through the dam and the foundation, and prevent water
from passing through the dam body. Figure 7d and e show
that the water flow is blocked midway, exactly where the
drainage mat is located, demonstrating that the system is
functioning properly.

As previously mentioned, the right side of the dam has a
less resistive region in the upper sections of the dam, with
values up to 20 Qm in the front region of the drainage mat,
as highlighted in Fig. 7b; this increases with depth (Fig. 7c
and g). In Fig. 7e, f and a second region is also indicated,
which has resistivity values of 6-10 Qm, indicating the pres-
ence of water. An analysis of Fig. 7f and g indicates that the
water flows laterally, descending from NE to SW.

The least resistive section (5-9 Qm) is on the left side
of the dam, where there is a significant volume of water.
Figure 7d and e show three low resistivity locations in the
central and left side, and a significant increase in depth in
the NW to SE direction. The presence of such anomalies,
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interpreted as hydrogeological flows that occur at the base
of the dam and inside the rock massif, suggest the following
hypothetical origins:

e According to Oliveira and Brito (1998), a rock mass con-
stitutes a heterogeneous system, essentially composed of
localized discontinuities and defined by fractures. The
water inside the rock massif, below and on the sides of
the dam, is presumably flowing through these disconti-
nuities that favor these fracture zones;

e Geophysical records show local and vertical low resis-
tivity zones on the right side of the dam in the upper
sections and deeper in the central and left side. This may
be due to capillary flow. However, there is no evidence
that these pose a risk to the physical integrity of the dam,
because in the geophysical image sequence, it is possible
to verify that the internal drainage system of the dam
works well, draining the water from the structure as soon
as the water reaches the chimney sub-vertical filter, and
drainage mat.

Conclusions

The use of the ERT technique allowed us to identify flow
zones within the rock massif below the dam. The combi-
nation of measurements and data modeling allows a clear
diagnosis of flows within the rock massif, related to rock
outcrops at the front base of the dam. In addition, 3D geo-
physical modeling was useful for identifying infiltration
zones, researching piping areas, and predicting failures. In
addition, it is an important way to perform environmental
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diagnosis for the control, monitoring and early assessment
of emerging dams.

The ERT lines showed high resistivity (600 Qm) in por-
tions of the upper sections, associated with the low humid-
ity soil, and low resistivity (5 Qm) zones that indicate the
presence of wet areas on the sides of the dam, outside the
drainage mat, which shows that the drainage system is func-
tioning adequately.

This research found no evidence of internal erosion inside
the dam, which reduces the risk of dam failure due to this
factor; however, there are moist areas that could indicate the
beginning of the erosion process. Areas of capillary flow are
normal elements in an earth and rock dam and do not point
to apparent risks to its physical integrity. Furthermore, it
was possible to verify the efficiency of the internal drainage
system — chimney sub-vertical filter + drainage mat (Fig. 7).
The dam spillway, a tulip-like structure, was the biggest risk
factor. However, a new surface flow system was built in May
2019, and the old one was isolated.

The 3D interpolation blocks made it possible to recognize
the flow paths within the rock massif below the dam. On the
left side of the structure, a larger volume of water was found,
which flows from NW to SE, which indicated flow within
the rock massif through fracture zones that emerge at the
front base of the dam. This was confirmed to align with the
orientation of the fracture plane N4OW/38SW, studied in the
water upwelling zone.

As for the upwelling area, chemical analysis of the local
water is recommended to establish its possible relationship
with the water in the dam, in addition to the planning of a
waterproofing system based on the structural pattern and
geophysical results.
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«Fig.7 3D interpolation model, with 10 m depth increments:
a Arrangement of geophysical lines in the study area; b 3D interpo-
lation model at 1312 m; ¢ 3D interpolation model at 1302 m; d 3D
interpolation model at 1292 m; e 3D interpolation model at 1282 m;
f 3D interpolation model at 1272 m; g 3D interpolation model
at 1262 m; h 3d interpolation model at 1252 m; i 3D interpolation
model at 1242 m
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